
ABSTRACT
Calculationswereperformedto simulatethe tip flow andheat

transferontheGE-E3 first stageturbine,whichrepresentsamodern
gas turbine bladegeometry. Casesconsideredwere a smoothtip,
2% recess,and 3% recess.In addition a two-dimensionalcavity
problemwascalculated.Goodagreementwith experimentalresults
wasobtainedfor thecavity calculations,demonstratingthatthek-ω
turbulence model used is capableof representingflows of the
presenttype.In therotorcalculations,two dominantflow structures
were shown to exist within the recess.Also areasof large heat
transferratewereidentifiedon thebladetip andthemechanismsof
heat transfer enhancementwere discussed. No significant
differencein adiabaticefficiency was observed for the three tip
treatments investigated.

INTRODUCTION
The tips of turbine bladesin gas turbinesexperiencelarge

thermalloadswhichcanleadto tip burnout.Thelargethermalload
on bladetips is dueto hot gasesflowing throughthe gap between
the bladetip andthe shroud.The flow acceleratesdueto pressure
differencebetweenthe pressureand suction sides,causingthin
boundarylayersandhighheattransferrates.Theflow acrossthetip
is also undesirablefrom the perspective of efficiency since it
increases the losses in the flow.

A commonstrategy to reducethe flow on the tip is to usea
recessedtip, alsoknown asa squealertip. By usinga squealertip,
the tip gap canbe madesmallerwithout the unacceptablerisk of
catastrophicfailure should the tip rub against the shroudin the
courseof turbineoperation.The smallergap reducesthe flow rate
throughthe tip clearance,which leadsto smallerlossesandlower
heattransfer. It is believed that the tip recessalsoactsto increase
the resistance to the flow (Metzger et al. ,1989).

In orderto studytheeffectsof a squealertip geometryon heat
transferand losses,Metzgeret al. (1989),andChyu et al. (1989)
performedexperimentsusingcavitiesof varyingdepthto width and
gapto width ratios.As a resultof theseexperimentsMetzgeret al.
made a number of important conclusions.In particular, they
concludedthat for a givenpressuredifferenceacrossthegap there
is an optimum value of depth to width ratio beyond which no
further flow reduction will occur. They also concluded that

althoughtherateof heattransferonthecavity floor is lower than
that on a flat tip, the reductionin heattransferis offset by the
high heattransferin the redevelopingflow on the downstream
gap andby the additionalheattransferareacreatedon the side
walls. Thus, they recommendedthat shallow cavities are
preferredif overall heattransferreductionon the cavity wall is
the goal.

The experimentalstudiescited above provide insight into
the natureof the flow field aroundthe squealertip. However,
actual turbine blades differ greatly from the idealized
experimentalsetup.Theflow in thebladetip andgaparehighly
three-dimensional.The relevant parameters,namely, depth to
width andclearancegapto width ratiosof therecessvarywidely
alongthegap.Thepressuredifferenceacrossthe tip alsovaries
widely alongthe blade.Thusit is unlikely that a simplemodel
will provide designerof a turbine bladewith the information
neededto understandthe flow in the tip region. At the present
time neither experimentaldata nor numericalsimulationsare
available in openliteraturethat shedlight on the detailsof the
flow and heat transferon a squealertip flow. Also, with the
exceptionof the heat transferdataof Yang and Diller (1995)
which wastaken at a singlepoint on the cavity floor of a rotor
blade,thereare no dataavailable on heattransferon squealer
tips. In this paperwe conducta numericalstudyof heattransfer
on a squealertip of a genericmoderngas turbine blade.This
numericalsimulationalsoallows insight into the natureof the
flow within the cavity and its effects on efficiency. The blade
chosenfor thisstudyis theGeneralElectricE3 designdetailedin
two NASA reports(Halila et al., 1982 and Timko1982).The
numericalsimulationsof the heattransferwithin the simplified
squealertip model used by Metzger et al. (1989) are first
performed with a view to demonstratethe ability of the
numericalmodelto accuratelypredicttheflow andheattransfer
as well as to forewarn us as to the possiblelimitations of the
analysis.

In the sectionto follow we will give a brief descriptionof
the numericalmethodusedin the simulations,the turbulence
model and the numericalboundaryconditions.Afterwardswe
will present the results of heat transfer predictions and
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comparisonwith experimental data on the walls and rim of
transverse grooves used in the experiments cited above to
simulatethe squealertip. We will subsequentlyshow the heat
transferresultsobtainedfor theGE-E3 turbinebladefor a flat tip
andtwo recessedtip casesanddiscusstheresults.Finally wewill
presentthe calculationof efficiency and close by presentinga
summary and the conclusions.

COMPUTATIONAL METHOD

The simulationsperformedin this studyweredoneusinga
multi-blockcomputercodecalledTRAF3D.MB (Steinthorssonet
al. 1993).This codeis a generalpurposeflow solver designedfor
simulationsof flows in complicatedgeometries.The code is
basedon TRAF3D, an efficient computer code designedfor
simulationsof steadyflows in turbine cascades(Arnone et al.
1994). The TRAF3D.MB code solves the full compressible
Navier-Stokes equations.It usesthe finite volume method to
discretize the equations.The code uses central differencing
togetherwith artificial dissipationto discretizethe convective
terms. The overall accuracy of the code is secondorder. The
TRAF3D.MB codewasdescribedin detailby Steinthorssonetal.
(1993).The presentversionof the codewhich employs a two-
equationmodelhasbeenusedin connectionwith aninternalflow
calculation of heat transfer as described by Rigby et al. (1996)

Turbulence and Transition Models

Algebraic model of Baldwin and Lomax (1978) has been
quite successfulin predictingthe rateof heattransferto turbine
blades. Combining this turbulence model with other models
simulating laminar-turbulent transition and models simulating
leading edge heat transfer enhancementhave been shown to
produceaccurateresults(Ameri andArnone1996,Boyle(1991).
Whenusinga multiblock approachin connectionwith complex
geometriesinvolving many no-slipsurfaces,it is advantageousto
usea turbulencemodelthat doesnot requirethe computationof
thedimensionlessdistanceto thewall (y+) asis donein Baldwin-
Lomax zero equationmodel and many two-equationmodels.
Therefore,for thepresentcomputations,it wasdecidedto usethe
k-ω turbulencemodeldevelopedby Wilcox (1994a,1994b)with
subsequent modifications by Menter (1993). The model
integrates to the walls. Chima (1996) incorporatedthe latter
model in a Navier-Stokes solver and presentedresults of its
applicationto turbomachineryflows andheattransfer. Below we
presenttheequationsdescribingtheturbulencein tensornotation.

(1)

(2)

where s1=k and s2=ω also µt=α* . The production source
terms, P, of equation (1) are defined as:

(3)

whereΩ is themagnitudeof vorticity. Thedestructionterms,
D, are given by

(4)

The coefficients appearing in the model are as follows:
σ=2.0, β=3/40, β*=0.09Fβ, α=(5/9)(Fα/Fµ), and α*=Fµ,

where

(5)

(6)

(7)

(8)

α0=0.1,α0*=0.025,Rβ=8, Rω=2.7 and Rk=6.
The turbulent thermal diffusivity is computed from:

(9)

whereρ is density. A constantvalueof 0.9 is usedfor turbulent
Prandtl numberPrt.

Boundary Conditions
The types of boundary conditions encounteredare as

follows:
1) Inlet: The inlet boundary condition for axially subsonic

flows is treatedby specifyingtheinlet total temperatureandinlet
total pressure as well as the inlet angle profiles. The outgoing
Riemann invariant is extrapolated to the inlet from within. The
total temperature and total pressure profiles are determined to
match the law of the wall for the specified hydrodynamic and
thermalboundarylayerthicknesseson thehuband/ortheshroud.
For theturbulencequantitiesfor thebladerow, aninlet turbulence
intensity of 8% and a length scale of 10% of axial chord is used.
These values are estimated and believed to be representative of
the condi t i ons exi st i ng at the i nl et of the bl ade row.

2) Exit: At theexit boundary, for thesubsonicaxial flow, the
pressureis specifiedand all the other conditions(including the
turbulencequantities)areextrapolatedfrom within. Thepressure
at theexit planefor theturbinebladeconsideredhereis computed
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by integrationof the radialequilibriumequationwith specifiedhub
endwall pressure at the exit.

3) Walls: At the walls, the normal pressuregradientis set to
zero, the temperatureis specified,and the no-slip condition is
enforced.The density and total energy are computedfrom the
pressureandthe temperature.Also thekinetic energy of turbulence
(k) is setto zerowhile thespecificdissipation(ω) is calculatedusing
the following boundary conditions.

(10)

where

(11)

KR is the equivalent sand roughnessheight. Here KR=5
corresponding to an hydraulic smooth surface is used.

4) Periodic boundaries are computed as interior points.

RESULTS AND DISCUSSION
We first computethe rateof heattransferon the surfacesof a

cavity anddeterminethepressurelossesdueto sucha flow. This is
donein orderto verify theability of thenumericalprocedureandin
particular the turbulencemodel, to handlethe similar problemof
predictingthe heattransferon the rim andwithin the cavity on the
blade tip for which no measured data is available.

Cavity
Thegeometryandthedatachosenfor this testweretakenfrom

Metzgeret al. (1989).Thesketchof thegeometryusedin theexper-
imentandsomeof thenomenclatureareshown in Fig. 1. Two cases
with differentcavity depthto width ratios(D/W) of 0.2and0.5were
considered.For both casesheattransferdatafor the rim aswell as
thebottomof thecavity areavailable.For thedeepercavity theheat
transferdataon thesidewalls werealsotaken.For bothcasescon-
sidered,thegap to width ratio (C/W) is 0.1 andtheReynoldsnum-
berbasedon gapheightandaverageinlet velocity is 15,000.Fig. 2
shows a three-blockgrid used to discretizethe flow.(the grid is
coarsenedfor clarity) The blocks contain 81x65, (81x41 for the
shallower case),129x41and25x41grid pointsrespectively. Coarser
grid was also usedto calculatethe flow and the resultspresented
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Fig. 2 Three-blockgrid usedfor thediscretizationof theflow.
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c

hereinare spatially converged. Note that in the computations,the
grid in the exit region wasextendedto allow completeflow attach-
ment very near the rim before exiting the computational domain.

Figure 3 presentsthe rate of heat transferas computedand
measuredfor the deepercavity. The abscissais the string distance
measuredalongthe rim andwalls of the cavity, startingfrom x=0,
y=4. The ordinate is the Nusselt number defined as:

(12)

In Eqn. 11, h is the heat transfer coefficient basedon the inlet
temperature,c is theinlet gapheightandk is thermalconductivity of
the bulk inlet flow. The figure shows generally good agreement
betweentheexperimentalresultsandtheanalysis.However a large
rise in heat transfer is predicted on the upper portion of the
downstreamside wall. A rise in the rate of heat transfer in that
region is expectedto exist dueto flow stagnation.Thedatahowever
do not indicate as large a rise as predicted by the analysis.

In Fig. 4 the comparisonbetweenanalysisand experimental
datafor theshallow cavity is presented.Theexperimentaldatawere
taken on the rim and the bottom of the cavity but not on the side
walls. Again it is observed that the agreement in general is good.

Finally, in Fig. 5 themeasuredpressurelosscoefficientsdefined
as:

(13)
areplottedasa function of cavity depthratio for threefamiliesof
gap clearanceratios.In the above definition,L is the gap lengthin
flow directionandρ andV arethe bulk densityandvelocity of the
inlet flow and ∆p is the pressuredifferenceacrossthe gap. The
calculatedvaluesof the pressurelosscoefficient for the two cases
consideredherearesuperimposedon this plot usingopensymbols.
The agreement is very good.

The two computedcasesof flow in a cavity, demonstratethe
capability of the presentturbulencemodel to produceresultsof
reasonableaccuracy for this particulartype of flow. Although this
flow is essentiallytwo-dimensionalwhile the flow on a bladetip is
three-dimensional,theseresults lend credenceto the predictions
presentedin the following section.The turbulencemodelhasbeen
shown to performquite well for flow andheattransferpredictions
on turbine blades as was demonstrated by Chima(1996).

Blade Tip
Geometry and the grid . Thegeometryof theGE-E3 bladewith the
simulatedsquealertip is shown in Fig. 6a. The bladeshave a
constantchord length of 2.87 cm and an aspectratio of 1.39. A
squealertip thicknessof 0.030 in. (0.77 mm) was chosenfor this
study. Threegeometricalcaseswereconsidered,a flat tip, andtwo
typical tip recessesof 2% anda 3%. The tip gapclearancewas1%
for all thethreecases.Figures6b and6c show thegrid on theblade,
thehubandthetip surfaces.Notethatevery othergrid line hasbeen
eliminatedfor clarity. The grid topology is essentiallythe sameas
given in Ameri andSteinthorsson(1996)with the exceptionof the
grid in the tip. For the presentgeometry, the tip grid is constructed
using two blocks. One block covers the entire tip clearance
excludingthecavity while thesecondblock coversthespacewithin
the cavity. Grid is refinedcloseto all no-slip surfacessuchthat the
distanceof thecell centersadjacentto solid walls,measuredin wall
units (y+), is closeto unity. This aspectof the grid constructionis
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Fig. 6 Geometry and grid distribution for the E3

blade. Alternate grid lines are eliminated for clarity.

crucial to both the solution accuracy and to convergence.
Thedimensionof theC grid coveringthebladefrom hubto
shroud is 193x49x99. In the tip clearance the grid
dimensionis 129x57x33.In the cavity thereare129x 33x
41grid pointsfor boththe2%andthe3%cases.Theflat tip
casewasrun with the samegrid in the tip as the recessed
cases(129x57x 33) to allow direct comparisonof heat
transferdevoid of resolutiondifferences.A singleblock of
9x9x99grid points covers the entire inlet upstreamof the
blade.

Flowfield. The conditions used for the numerical
simulationsarethe sameasexperimentalconditionsof the
warmrig usedby Timko (1982)for theGE-E3 turbineand
are as listed in Table 1. The inlet anglevariation is taken
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from measurementsbut thewall to total temperatureratio wasset
at a typical value.

In Figure7plotsof computedvelocityvectorsin thetip region
projected on planes normal to the machine axis for various axial
locationsareshown.Theflow is shownin therotatingbladeframe

Ameri et al.

60%

Fig. 7 View of the velocity vectors in and around the tip at
various axial locations for the case of 3% recess.

Fig. 8 Streamlines showing the blade tip flow patterns.

Pressure side Suction side
20%

40%

of reference,hencethenonzerovelocityontheshroud.Thetip flow
ishighly three-dimensional.Thevariationin flow patternsin thetip
clearanceis apparentfrom examiningthevectorplots.Forthe20%
to 60%axialdistancetheplotsshowacomplexsystemof vortices
in thetip clearance.Figure8showsthestreamlinepatternsin thetip.
In thatfigureat leasttwo distinctvorticescanbediscernedto exist
within thecavity.Onevortexisaseparationvortex,generatedasthe
incomingflow separatesoff theinneredgeof thepressuresiderim.
Thisvortexhugsthepressureside,sidewalland“spills” outof the
cavitynearthetrailing edgeof theblade.Thesecondvortexwhich
is apparently also a separation vortex, runs from the stagnation
regionto thesuctionsideof theblade.Thesevorticesaregenerated
in addition to the separation vortex along the pressure side rim,
suction side rim and the blade suction side tip flow vortex.

Thisvortexsystemapparentlyoffersadditionalblockagetothe
flow throughthegap.Theflow ratethroughthetip gapfor theflat
tip case was calculated to be 1.98% of the mass flow through the
bladerow. The2%and3%recessedbladeshadleakagemassflow
ratesof 1.8%and1.7%of thetotalmassflow rateequivalentto90%
and 86% of that of the flat tip case.
Heat Transfer The rateof heattransferis presentedin termsof
Stanton number defined as:

(14)

whereh is theheattransfercoefficient basedon theabsoluteinlet
total temperature.The referencevelocity is the averagerelative
velocity at a location 20% of the axial chord upstreamof the
blade. The referencetemperatureis the averageabsolutetotal
temperatureandthereferencedensityis theaveragedensityat that
location. (The inlet relative total temperatureat the midspanis
0.879 times the absolute inlet total temperature.)

Heat transfer rateson the blade surface at three spanwise
locationsaregivenin Fig. 9. Thisfigureservesasaguideasto the
magnitudeof thetip heattransferascomparedto thebladesurface
heat transfer.

The heattransferresultson the tip of the bladearegiven in
Fig. 10a-c.Fig. 10ashows theStantonnumberdistribution on the
flat tip surface.Thepatternsof heattransfercontourson theblade
tip areasexpectedandhave beenseenbeforein connectionwith
our previous studies(Ameri & Steinthorsson1995 and 1996).
Thosepatternsinclude,sharpentranceeffect on thepressureside
of the tip surface where the rate of heat transfer reachesa
maximum due to flow reattachment;the ensuingdrop in heat
transferdownstreamof that location;a large rateof heattransfer
aroundthe cornerfrom the bladestagnationpoint and the large
increasein heattransferon thesuctionsideof theblade(nearthe
crown). Theaveragelevel of heattransferon theflat tip is similar
in magnitudeto the heattransferrateon the bladeleadingedge.
For the two recessedcasestheheattransferdistribution is shown
usingonefigure which shows the heattransferon the bottomof
the cavity and the rim surfaceof the squealertip anda separate
Fig. 11 to show the heattransferon the side-wall of the recess.
Fig. 10b andc show the heattransferon the surfacesof the 2%
and 3% cavity, respectively. It is observed that the rate of heat
transferon thebottomof thecavity reacheshighervaluesthanis
seenon the flat tip. On the rim the rate of heat transferon the
pressuresideis comparableto theflat casebut is somewhathigher

St
h

ρref V ref C p
----------------------------=

TABLE 1. Run conditions

Absolute pressure Ratio across
the Blade Row

0.44

Absolute inlet angle 69  Hub

74.5  Mid Span

78.5  Shroud

Rotation Rate 8450 RPM

Tw/Tt 0.7

°

°

°
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Fig. 12 Tangentially averaged shroud heat transfer

on thesuctionside.The large rateof heattransferon thebottom
of thecavity is dueto flow impingementcontaininghot gas.This
impingementcan best be seen in Fig. 7 for the 20% axial
distance.

It is worth mentioning that in both the experimental
investigationscitedabove, therateof heattransferon thebottom
of thecavity wasalwaysobservedto belessthanthaton therim.
However, in their numericalcalculations,Chyu et al. (1987) do
show instanceswherethe bottomof the cavity hassubstantially
higher heat transfer coefficient compared to the rims.

Squealersidewall heattransferis presentedin Fig. 11. The
inside wall surface is unwrappedaround the minimum axial
location.The ordinateis exaggeratedfor clarity. The abscissais
the axial chord distance.Areas of large heat transferratesare
generatedasa resultof the vortical actioninsidethe cavity. The
vorticalactionincreasesdueto flow accelerationandstretchingof
thesevortices.The highestrate of heat transferis observed to
exist nearthe trailing edgeof the bladeon the suctionsidewall.
The causeof this increasewas found to be the impact of the
vortex spillage with the side wall. As such this rise in heat
transfer, althoughpresentmaybeexaggeratedaswasdiscussedin
connection with the two-dimensional cavity.
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Theshroudheattransferis presentedin Fig. 12.As canbe
seenfrom this figure the rateof heattransferon the shroudis
higher for the flat tip caseas comparedto the two recessed
cases.

Finally the total tip heattransferfor the threecaseswas
compared.It wasfoundthatthe2%and3%recesscases,hadan
increaseof 80%and90%respectively in total heatadditionto
the tip compared to the flat tip case of the same tip clearance.

Efficiency
As a by-productof our heat transfercomputations,it is

possibleto computethe efficiency and the possibleeffect of
recesson efficiency. Theexpressionfor theadiabaticefficiency
is

(15)

In Eqn.14theprimessignify relativetotalvalues,subscript
in andex, signify inlet andexit massaveragedvaluesandγ is the
specific heat ratio. The calculatedefficiency is basedon the
assumptionof an ideal statorupstreamand the averageinlet
valuesarecomputedat 20%axial chordupstreamof the rotor.
Theexit valuesarecomputedat50%axialchorddownstreamof
the rotor. Becausethe bladesurfacetemperaturewas set at a
constanttemperatureof 0.7xtheinlet total temperature,in order
to recover adiabaticconditions,thegastotal temperatureat the
exit was modified to reflect the loss of energy through heat
transfer. Failure to do so leadsto an error of 5 points in the
efficiecy for the presentcomputations.The changein mass
averagednormalizedtotal temperatureat the exit of the blade
row can be computed as follows:

(16)

In theabove equationµ is dimensionlessviscosityandn is
the normalizeddistanceto the wall is the normalizedmass
flow ratethroughthe bladepassageandA is the surfacearea.
The integration is performed over all of the heat transfer
surfaces.Themassaveragedvalueof theexit total temperature
is thus computed as:

(17)
Theefficiency for therow of bladeswascomputedto be91.3%,
91.4%and91.4%for the0%,2% and3% recesscases,in spite
of the fact that there was a 10 to 14% reduction in gap flow.

SUMMARY AND CONCLUSIONS
In this paper, resultsarepresentedfrom three-dimensional

simulationsof flow andheattransferovera turbinebladewith a
squealertip. The simulationswerecarriedout usinga second
order accuratefinite volume schemeon a multi-block grid
systemcontaining1.2million grid points.Effectsof turbulence
on the flow field were modeledusing a k-ω two-equation
turbulencemodel.Theability of theturbulencemodelto predict
theheattransferin flowsof thetypeconsideredherewasverified
by simulatingtheflow in a two-dimensionalmodelof squealer
tips for which experimentaldata is available. For the three-
dimensional case an actual modern gas turbine geometry,
namely the GE-E3 first stageturbine blade was used.Two
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dominantvortical structureswere identified to exist in the recess
region.Theheattransferrateontherecesssurfaceswerefoundtobe
strongly affected by theseflow structures.Especiallyhigh heat
transfer rateswere observed where the vortices exit the recess
region. No significanteffect dueto the recessedtip on efficiency
wasdetectedalthoughthe massflow ratethroughthe tip gap was
found to be smallerby as much as 14% for the squealertip as
compared to flat tip of the same clearance height.
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